Hsp90 is a molecular chaperone implicated in many diseases including cancer and neurodegenerative disease. Most inhibitors target the ATPase site in Hsp90's N-terminal domain, with relatively few inhibitors of other domains reported to date. Here, we show that peptides derived from a short helix at the C-terminus of Hsp90 show micromolar activity as Hsp90 inhibitors in vitro. These inhibitors do not block the N-terminal domain's ATP-binding site, and thus are likely to bind at the C-terminal domain. Substitutions and helix stapling were applied to demonstrate structure-activity relationships and improve activity. These helical peptides will help guide the design of a new class of inhibitors of Hsp90's C-terminal domain.
Introduction
Heat-shock protein 90 (Hsp90) is a ubiquitous cytosolic chaperone that assists in the folding and regulation of many signaling proteins. Since Hsp90 is known to interact with proteins involved in all the hallmarks of cancer, it has received considerable attention as a target for new anti-cancer therapies. Most classes of inhibitors reported to date, including purine analogues, resorcinols, and various derivatives of the natural product geldanamycin, target the nucleotide-binding pocket in the protein's N-terminal domain. Geldanamycin derivatives have been the subject of numerous clinical trials. Recently, an alternate approach to Hsp90 inhibition has emerged, focused on targeting the C-terminal domain. Neckers and co-workers reported that the aminocoumarin natural product novobiocin inhibits the C-terminal domain of Hsp90. Subsequent work by Blagg and co-workers has discovered more potent derivatives of novobiocin's coumarin core that inhibit Hsp90 without inducing the heatshock response, a major shortcoming of N-terminal-domain inhibitors.
Based on this empirical data and the complex mechanisms of Hsp90 and its cofactors, it is anticipated that additional Cterminal inhibitors will show similarly unique effects.
In a complementary approach, a number of groups have developed peptide-based inhibitors as a means of disrupting Hsp90 chaperone activity by preventing specific protein-protein interactions. Shepherdin is a nonapeptide derived from the Hsp90 client protein survivin, and this peptide inhibits Hsp90 by binding in the N-terminal domain's ATP-binding site. PIER1, a 37-mer helical peptide from Hsp90 paralog gp96, inhibits Hsp90 by binding residues near the N-terminal ATP-binding site. Another helical peptide, TPR2A(301-312) from co-chaperone Hop, inhibits Hsp90 by binding to the MEEVD motif at Hsp90's absolute C-terminus.
Finally, the cyclic pentapeptide sansalvamide A-amide binds to the N-terminal and middle domains of Hsp90 and, in doing so, prevents binding of some client proteins known to bind Hsp90 via the C-terminal domain.
In this work, we extend this set of designed peptide inhibitors of Hsp90. Other than the PIER1 peptide, we were unable to find reports of peptides derived from Hsp90 itself being tested as Hsp90 inhibitors. Since Hsp90 functions as a homodimer with independent dimerization interfaces between N-terminal domains and C-terminal domains, we hypothesized that Hsp90 inhibitors could be designed based on helices at the N-and C-terminal dimer interfaces. Since the C-terminal dimer interface becomes exposed upon nucleotide binding, peptides binding this portion of the interface would be expected to interrupt the Hsp90 chaperone cycle in a manner unique from existing inhibitors.
Results and discussion

Design of peptides
The wealth of structural data of Hsp90 in complex with clients and co-chaperones provides numerous opportunities for the design of peptide-based inhibitors.
Inspection of the dimer interfaces revealed the N-terminal helix (F22-Y38) and C-terminal helix (D680-G697) of Hsp90 as particularly attractive opportunities. Both of these helices feature multiple hydrophobic residues on consecutive turns buried in the opposite protomer. We performed computational alanine scanning of available structures of fulllength yeast Hsp90 (PDB 2CG9) and N-domain-truncated human Hsp90 (PDB 3Q6M) using Rosetta, and found that a few highly conserved residues-I25, L28, and L31 in the N-helix and I688, Y689, I692, and L696 in the C-helix-are predicted to be hot spots that contribute substantially to the stability of the closed conformation of Hsp90 (Fig. 1A and B) . Based on these predictions, N-helix and C-helix peptides were synthesized and tested for Hsp90 inhibition in a luciferase renaturation assay using rabbit reticulocyte lysate. At 250 lM, the N-helix (peptide 1) was inactive, while the C-helix (peptide 2) showed similar activity to known C-terminal inhibitor novobiocin (Fig. 1C) . We designed a series of six point mutants of peptide 2 based on the structure of the C-helix and its binding site (PDB 3Q6M) and sequence tolerance prediction using Rosetta (Table S1 ). These were synthesized and assayed for inhibition of luciferase refolding at 250 μM ( Figure 1 ). Four of these peptides (3, 4, 6, and 8) showed little improvement in activity, but substitution Y689W (peptide 5) showed mild improvement and G695L (peptide 7) showed strong improvement. At 250 μM, peptide 7 reduced Hsp90-mediated renaturation of luciferase almost to background levels. Computational solvent mapping using FTSite identified a putative hydrophobic binding pocket proximal to G695 (Fig. 1D ). This provided a rationale for the increased activity of the G695L mutation, and for exploring additional substitutions at G695. Further, the isolated, 18-residue C-helix was only 20% helical when analyzed by circular dichroism (CD) spectroscopy (Table 1) . Thus, we pursued further optimization of peptide 2 by substituting Y689 and G695 and by introducing conformational constraint via side-chain-to-side-chain lactamization and ringclosing metathesis. Table 1 Data from dose-response experiments using the luciferase renaturation assay, circular dichroism spectroscopy experiments, a cell-based Hsp90 inhibition assay, and cytotoxicity measurements using a human epithelial cell line From luciferase renaturation assay. IC values are ± standard deviation from three independent trials, each performed in triplicate. Values observed for novo-biocin, coumermycin A1, and geldanamycin are in accordance with previously reported values. Percent helicity as measured by circular dichroism at 222 nm using 100 μM peptide in 10 mM phosphate buffer at 23 °C. Dose-dependent inhibition of glucocorticoid-receptor-dependent luciferase expression. Concentration at which cell viability was reduced by 50% as determined using Promega Cell Titer Glo kit. Complete suppression of luciferase activity at lowest concentration tested. No effect observed at the compound's solubility limit in cell culture media. While all compounds were soluble to 100 μM in phosphate buffer, some compounds had lower solubility limits in cell culture media.
Stapling
Simply introducing these α-methylated, hydrophobic residues at these positions greatly improved helicity (50% helical for peptide 10 versus 20% for 2) and potency in the luciferase renaturation assay (14.4 μM IC for peptide 10 compared to 233 μM for 2). On-resin ring-closing metathesis was used to produce the all-hydrocarbon stapled analog 9. Peptide 9 had even more helical character (64%) but was a less potent Hsp90 inhibitor than the unstapled analog (IC = 40 μM), perhaps due to an inability of the stapled side chain to fully access the putative hydrophobic pocket near G695. Additional peptides incorporating α-methyl-(S)-pentenylalanine and all-hydrocarbon staples proved challenging to produce, and so a different chemistry for mediating side-chain stapling was implemented for further investigations.
Side-chain-to-side-chain lactam staples were introduced using Lys and Asp residues at (i, i + 4) positions. This configuration has been shown to promote helical conformations in a variety of short peptides. Since optimal stapling position cannot be determined a priori, we installed lactam staples at several positions predicted to be solvent-exposed by the structural model of C-helix binding (peptides 11-13). These peptides did not have high helical content as judged by CD spectroscopy, and peptide 12, the lactam-stapled analog of hydrocarbon-stapled peptide 9, showed only modest potency (137 μM) and helicity (29%). In fact, all three lactam-stapled peptides had modest increases in potency compared to the native C-helix sequence (2, IC = 233 ± 9 μM), with potency highest for peptide 13 (IC = 37 ± 3 μM, Fig. 2 ). Peptide 13 had a lactam staple at the C-terminal end, and had nearly double the helical character of the unmodified C-helix (Fig. 2) . Thus, for these lactam-stapled analogs of the C-helix, we find that stapling along the presumed solvent-exposed face increases potency, and that the staple between positions 693 and 697 is optimal for both structure and Hsp90 inhibitory potency. (A) Dose-response behavior of C-helix peptide 2, analogs 13, 16, and 17, C-terminal-domain inhibitors novobiocin and coumermycin A1, and N-terminal-domain inhibitor geldanamycin using an in vitro luciferase renaturation assay. Error bars show standard deviations from three independent trials, and curve fits reflect IC values shown in Table 1 . (B) Circular dichroism spectra for C-helix peptide 2 and analogs 13-17. From the initial modeling and the first substitution series (peptides 1-8), it was clear that substitutions for Y689 and G695 could produce more potent analogs of the C-helix. We incorporated Trp residues for G695 (14) or both Y689 and G695 (15) and assessed α-helicity and inhibitory potency. The single Trp substitution mildly improved helical structure, but incorporating both Trp substitutions ( represents a fifty-fold improvement in activity over the native C-helix peptide. 4.1 μM for 16 and 17, respectively) . The most potent peptide tested, peptide 17, represents a fifty-fold improvement in activity over the native C-helix peptide.
Testing peptides in a cell culture assay of Hsp90 inhibition
The most potent peptides were then examined for Hsp90 inhibition with the MDA-kb2 cell line. This cell line, derived from breast cancer cell line MDA-MB-453, contains a stably transfected firefly luciferase reporter under the control of a mouse mammary tumor virus promoter that contains response elements for both the androgen receptor (AR) and glucocorticoid receptor (GR). Both receptors are activated in an Hsp90-dependent manner, and the AR response in the MDA-kb2 cell line was previously used to test the effects of inhibitors of the Hsp90 cochaperone FKBP52 on the AR-Hsp90-FKBP52 complex. We surmised that this assay would be straightforward and convenient for assessing relative activities of Hsp90 inhibitors in cell culture. To our knowledge, this work represents the first report of this assay for the direct testing of Hsp90 inhibitors.
Cell-based assays were used to broadly assess the cell penetration, cytotoxicity, and cellular effects of each of our Hsp90 inhibitors. Specifically, we measured the dose dependence of each inhibitor's effects on luciferase expression following activation of GR with dexamethasone, and LC values were also measured under identical conditions to quantitate cytotoxicity. As positive controls, we first tested the C-terminal inhibitors coumermycin A1 and novobiocin and the N-terminal inhibitor geldanamycin. All of these compounds suppressed the production of the Hsp90-dependent luciferase reporter, with some accompanying toxicity from novobiocin and coumermycin (Table 1) . After validating with these two classes of Hsp90 inhibitors, we examined the effects of the C-helix (peptide 2) and derivatives 9-17. Several peptides (2, 11, 12, 16) showed neither activity nor cytotoxicity up to their solubility limits. Most peptides containing tryptophans (14, 15, and 17, but not 16) were cytotoxic without an appreciable effect on luciferase induction at sub-toxic concentrations. Visual inspection of cells treated with 14, 15, and 17 indicated a rapid and complete disruption of the plasma membrane, suggesting that these peptides are membrane-lytic and that toxicity is unrelated to Hsp90 inhibition. Within these peptides, a helical structure would position the tryptophan-substituted positions adjacent to the cationic face established by R687, R690, and K693 (Fig. 3) . This patterning of aromatic and cationic side chains is known to cause helical peptides to be membrane-lytic. For example, in a series of amphipathic helices studied by Rekdal et al., this relative orientation of tryptophans and cationic residues correlated with increased cytotoxicity against a number of mammalian cell lines. Interestingly, peptide 7, which differs from 14 in that a leucine is substituted for G695 instead of a tryptophan, is less potent and less cytotoxic than 14. A notable exception is peptide 16, which exhibited no measurable toxicity up to its solubility limit (LC >27 μM). The reason why 16 was not lytic, despite the potent toxicity of non-stapled analog 14 and Y689W-substituted analog 17, is likely due at least in part to its constrained conformation; this remains a topic for future investigations. Relative orientation of tryptophans (green sticks) with respect to the cationic face established by two arginines and a lysine (purple sticks) within an idealized helical structure of peptide 10 (gray cartoon).
Fluorescence polarization competition assays provide evidence that C-helix peptides bind outside the N-terminal domain
Based on the design of these peptides, it is anticipated that they bind the C-terminal domain of Hsp90. Most demonstrations of C-terminal-domain binding have been cumbersome or indirect, using pulldowns with truncation mutants of Hsp90 or photoaffinity labeling. However, a fluorescence polarization assay using fluoresceinated geldanamycin has provided a more direct means of measuring competitive binding at the N-terminal domain's ATP-binding site. We demonstrated displacement of fluorescein-geldanamycin by unlabeled geldanamycin and by another N-terminal domain inhibitor, radicicol. Under similar conditions, a thousand-fold excess of peptides 2, 9, 10, or 17 failed to displace fluorescein-geldanamycin (Fig. 4) . Given the relative potencies measured in the luciferase renaturation assay, competition for N-terminal binding would be expected in this concentration range if these peptides inhibited Hsp90 via effects on the N-terminal domain's ATP-binding site. This provides evidence against a mode of action involving the N-terminal domain of Hsp90. A dye-labeled analog of peptide 15 was tested by fluorescence polarization with several other proteins including cochaperone protein Aha1 to rule out nonspecific binding. Other than binding to bovine serum albumin at 1-10 μM, binding to other proteins was not observed up to 5 μM (see Supplementary Information). We synthesized and purified a fluorescein-labeled version of 17 to try to measure direct binding to fulllength Hsp90, but no significant increase in polarization was observed at the maximum concentration of Hsp90 possible for this assay (see Supplementary Information) . While the present evidence argues 5, 6 Go to:
Go to: against binding or allosteric effects at the N-terminal domain's ATP-binding site, direct binding to the C-terminal domain cannot be definitively established at this time. 
Conclusion
Herein we report the design and in vitro characterization of peptides derived from the C-helix of Hsp90 as inhibitors of Hsp90's C-terminal domain. These peptides inhibit Hsp90 in a manner distinct from the traditional paradigm of N-terminal domain inhibition. Within a set of C-helix peptides with substitutions and conformational constraints, we find that overall activity correlated with overall helical character. This supports the further design of constrained helices that target the C-terminal domain of Hsp90. Potency in an Hsp90-dependent luciferase renaturation assay was improved from 233 μM for the 18-residue C-helix alone to 4.1 μM for a lactam-stapled, Trp-substituted analog. These are relatively potent, considering that the most potent C-terminal domain inhibitors to date are synthetic novobiocin derivatives with EC values of 1-4.5 μM in the cell-based version of this assay. Cytotoxicity, likely via membrane lysis, was prominent for peptides with highly hydrophobic substitutions. This property is typical among early design iterations of stapled peptides, and future studies will optimize hydrophobic surface area, helical structure, and charge in order to minimize cytotoxicity and maximize cell penetration. Previous inhibitors of Hsp90's C-terminal domain showed distinct differences in cellular effects compared to the more traditional N-terminal domain inhibitors. Therefore, it is anticipated that, once cytotoxicity is minimized, these peptides will be useful for further elucidating the unique consequences of inhibiting Hsp90's C-terminal domain.
